The wood-based panel industry is growing all over the world, and in many countries the raw material is becoming increasingly inadequate and increasingly expensive. Therefore, new inputs are needed to reduce production costs. The residue of babassu palm fruit after nut extraction process is an alternative, due to its fibrous characteristics, the high availability in the large agroindustrial complexes in the North of Brazil and the low cost. Thus the research was: (i) to determine the mechanical characteristics (tensile strength and elasticity), physicochemical characteristics (density, pH, extractives content and chemical composition) and micro-structural of the babassu residue, comparing it with the particles of Pinus sp., used in commercial panels; (ii) to evaluate the quality of panels manufactured with babassu residue by physical conditions (swelling in thickness and water absorption) and mechanical characterization (elasticity and rupture) based on Brazilian Technical Standards (NBR 14810-2: 2013), American (ANSI A208.1: 2009) and European (EN 312: 2003). Statistical analysis of the data was performed with the aid of Infostat software through analysis of variance using Tukey test at the 5% probability level. The babassu residue has technological characteristics that allow its use in particleboard production. However, there are particularities that may compromise its use, such as high silica content and high density. Particleboard made from babassu residue presented mechanical performance above that required by current normative documents. However, for the physical properties, especially for the porosity of the particleboard of babassu, the obtained values were lower than the required minimum.
Introduction
The babassu palm (Orbygnia phalerata Mart.) is considered to be one of the most important Brazilian palm, especially because it is one of the most abundant palms in the pre-Amazon region, and for its relevant socioeconomic contribution of northern Brazil (Queiroga et al., 2015) . However, the use of babassu nut is based on the exploitation of your nuts, which represents only 7% of the fruit (Soler et al., 2007) .
Recent research has used residues in particleboard, such as: peanut shell (Arachis hypogaea) (Gatani et al., 2013) , residues of Coconut-green (Cocos nucifera L.) Baldin et al., 2016) and sugarcane bagasse (Saccharum officinarum L.) (Soares et al., 2017) , adding value to these residues and avoiding environmental damage.
The market for particleboard is gaining more and more space because they are products of wide versatility and they can be used in the construction industry, furniture, shipbuilding, construction for agriculture and construction industries (Mendes et al., 2010; Belini et al., 2014) . The application of agro-industrial residues as an input of these products is possible due to the chemical similarity with the wood, especially the hardwoods that have lower lignin content and higher pentosan hemicellulose content (Iwakiri et al., 2004) .
However, it is not any residue that, when used, provides a satisfactory technological performance to the final product, since the physical-mechanical, physicochemical and micro-structural characteristics of the raw material directly influence and are fundamental parameters to define the potentialities and limitations of use . Therefore, the knowledge of the mechanical, chemical and anatomical characteristics of fibrous residues are important in the decision of making process to determine the specific design of the composites, optimizing the quality and reducing processing costs.
In this context, considering the lack of information, the objective of this study was to evaluate the mechanical, physic-chemical and micro-structural characteristics of the epicarp-endocarp residual complex of babassu coconut, and to evaluate the quality of particleboard based on the epicarp-endocarp residue of babassu coconut considering the Brazilian technical norms (NBR 14810-2: 2013) , the American technical norms (ANSI A208.1: 2009) and the European ones (EN 312: 2003) , comparing them with particleboard manufactured with commercial particles.
Materials and Method

Collection of Samples
Samples of the babassu coconut residue were obtained after the cocoa bean extraction process was carried out in associations of "Babassu Coconut Breakers" in the city of Vargem Grande, Maranhão, Brazil (3°32′36″ S and 43°55′6″ W ). The particles of Pinus sp. were supplied by a furniture industry located in the region of Macatuba, São Paulo, Brazil (22°29′58″ S and 48°43′3″ W). The residues were washed in running water in a solution of neutral soap and water and submitted to natural drying for 24 hours, and later sent to the Laboratory of Rural Constructions and Ambience in the Department of Bio-systems Engineering of the Faculty of Animal Science and Food Engineering (FZEA) from the University of São Paulo (USP), in Pirassununga, São Paulo, Brazil.
Physical and Chemical Analyzes of Samples
The determination of the actual density was obtained by pycnometry using the Quantachorome Instruments Multi Helium Picnometer, model MVP 5DC. Initially the samples were weighed in an analytical balance with an accuracy of 0.0001g to obtain the dry mass, then the respective volumes were obtained for each sample by means of Equation 1, using the values provided by the Multi Picnometer, The actual density of the samples using Equation 2.
Where, V p : Sample volume (cm 3 ); V c : Volume of the small cell of the apparatus (cm 3 ); V r : Volume of the instrument reference (cm 3 ); P 1 : Pressure measured after pressurizing the reference volume (Psi); P 2 : Pressure measured after inclusion of the cell volume of the apparatus (Psi). 
Where, Ad: Actual density (g/cm 3 ); Dm: Dry mass of sample (g); V p : Sample volume (cm 3 ).
The determination of the hydrogenation potential (pH) was performed by the potentiometer method, using DM-23 pHmeter composed of thermocouple and flow-type electrode Digimed model DME-CV1. The extractive contents were obtained by the Soxhlet method, which basically consists of three steps: extraction of the fat from the sample with solvent, elimination of the solvent by evaporation and calculation of the extracted fat (IAL, 1985) . The determination of the structural chemical components of the samples was performed according to the methodology described by Silva and Queiroz (2006) .
Microstructural Analysis
Microstructural analysis was performed using images obtained by Scanning Electron Microscopy (SEM). For this, the samples were fixed in metallized support to prevent the incident electrons from being absorbed by the samples, and packed in hermetically sealed packages and examined under SEM, model Quanta 400.
The images were obtained in several enlargements that were better adapted to the objective of study and visualization. Analyzes of elemental chemical composition were carried out by the Energy Dispersive Spectroscopy (EDS) supplement, coupled to the SEM. During the analyzes the high vacuum mode was used, with partial pressure of 1.33 mbar and acceleration voltage 2 kV for the acquisition of images and 30 kV for the analysis of elemental chemical composition.
Mechanical Analysis of Samples
The residual samples (80 mm dimension) were submitted to the parallel traction test in the Universal Testing Machine (EMIC), according to the methodology described by Motta and Agopyan (2007) . A load cell of 1kN, velocity 0.4 mm min 
Manufacture of the Particleboard
High density particleboard (660 kg m -3 to 680 kg m -3
) whith nominal dimensions of 400 × 400 × 10 mm were produced using babassu residue particles and Pinus sp particles were produced using babassu residue particles and Pinus sp. particles, commonly used in commercial particleboard. The manufacturing process followed the recommendations detailed by Paes et al. (2011) . Initially, the raw material was dried at room temperature until it reached a moisture content varying from 3 to 8%, minced in hammer mill, and classified in a vibrating screen with 8.0 mm and 4.0 mm mesh and < 4.0 mm (Collector), obtaining particles with grading of 8.0 > 4.0 mm. The particles, already processed, were placed in a planetary mixer for homogenization with the bi-component resin based on castor oil in the content of 12% based on the dry weight of the particles. Thereafter, the already homogenized material was inserted into a forming mold, and the formed particle mattress was inserted in a thermo-hydraulic press, with a temperature of 100 °C for 10 minutes at a mean pressure of 5 MPa. After pressing, the particulate composites produced were stored at room temperature for 72 hours to allow complete curing of the resin.
Quality Analyzes of the Particleboard Produced
The evaluation of the quality of the particleboard was carried out by means of their physical-mechanical characterization, taking as reference the values recommended by the Technical Standards: NBR 14810-2: 2013; ANSI A208. 1: 2009 and EN 312: 2003 . The use of these standards is justified by the fact that they are the commercial standards of particleboard.
The physical characterization tests were: swelling in thickness after 2 hours (IE 2 h) and 24 hours (IE 24 h) and water absorption after 2 hours (Abs 2 h) and 24 h (Abs 24 h), performed on bodies of 25 × 25 × 14 mm dimensions, inserted in a vessel with distilled water at 20 °C, with water level 25 mm above the upper surface of the test bodies (CPs). The swelling in thickness consists of the difference of the thickness before and after the immersion of the CPs in water. Measurements were performed using a digital caliper with a 0.001 mm accuracy. The water absorption consisted of the weight difference before and after the immersion of CPs in water in a period of 2 and 24 hours. The weighing was carried out in an analytical balance with a resolution of 0.001 g.
The mechanical characterization tests were: modulus of rupture (MOR) and modulus of elasticity (MOE); Obtained by means of three-point static bending in the universal testing machine, operating with a load cell of 0.5 tons, execution speed of 7 mm min -1 and a distance between points of 200 mm. CPs with dimensions of 250 × 50 × 14 mm were used. The calculation procedures were performed in accordance with Technical Standard NBR: 14810 (ABNT, 2006).
Statistical Analyzes
The exploratory analysis of the data was performed using Infostat software, through analysis of variance (ANOVA), the factors in each response-variable were investigated. The variance homogeneity test (Bartlett test, 5% significance) and normality (Shapiro-Wilk test, 5% of significance) were performed prior to analysis of variance. The variables of interest were compared using the Tukey test at the 95% confidence level.
Results and Discussion
Characterization of the Babassu Residue
The babassu residue has high density (1030 kg m -3 ), which may represent limitations in the process of densification and consolidation of the particleboard, especially in the efficiency in the adhesive bonding with the particles in the structural system due to the high compaction ratio (Table 1 ). According to Maloney (1996) , raw materials with a density of up to 550 kg cm -3 are ideal because they reach a compression ratio between 1.3 and 1.6. The high value of real density can be justified by the presence of the endocarp of babassu, a more woody portion of the fruit. However, in relation to pH, a similar average value was found for the wood used in the production of particulate composites, which varies from 3.0 to 5.5 , very acidic raw materials can inhibit chemical reactions in the Curing resin, impairing binding in the structural system (Iwariki et al., 2012). Note. CV = Coefficient of variation. Means followed by the same letter in the column do not differ by Tukey test at 5% probability.
Although it is an oleaginous palm tree, the analysis of total extractives showed a low average value, this result indicates optimal conditions for application in particleboard, because, high levels of extractives block the contact of the adhesive with the particles of the structural system in the process of Bonding of the composite (Bufalino et al., 2012) . This result is justified by the physical barrier corresponding to the brown integument that surrounds the babassu coconut almond, which concentrates commonly the extractives, and by the high concentration of silica that is related to the protection of the fruit (Machado et al., 2015) , especially against fungi, As can be observed in Figure 1 , which highlights the presence of clusters of silica crystals (silicon dioxide or silica, SiO 2 ) under the cellular components of the babassu residue identified in the SEM image and chemically proven by Energy Dispersive Scan (EDS) ( Table 2 ). 
Physical-Mechanical Characterization of Fabricated Particleboard
When particleboard are exposed to moisture, they may change, and in some cases, the magnitude of this phenomenon is a limiting factor for their use. The results of swelling in thickness after 2 and 24 hours of submersion in water (IE 2h and IE 24h) indicate significant gains of swelling (p ≤ 0.05) when the babassu residue was used (Table 4) . As well as, a greater water absorption (Abs 2 h and Abs 24 h), being verified a significant difference after 24 hours of submersion in water. Note. CV = Coefficient of variation. Means followed by the same letter in the column do not differ by Tukey test at 5% probability.
In general, the use of the babassu residue provided lower performance than the minimum values recommended for the IE test by the European Technical Standard-EN (2003), Brazilian NBR-ABNT (2013) and American ANSI A208.1 (2009). However, the literature indicates some strategies that can reduce water absorption and swelling, such as the application of waterproofing agents (adhesives or paraffin) that block the absorption sites (Fiorelli et al., 2011) or the thermal treatment of particles, since Which strengthens the dimensional stability of the composite due to the degradation of the hemicellulose, which releases the compression stress formed during pressing (Carvalho et al., 2015) .
The physical behavior of the panels can be attributed to the high density of the babassu residue, especially to the portion of the endocarp, since particles with high density provide a smaller surface of contact increasing the porosity of the panel; which increases the voids in the structural system promoting greater water intake. In addition, the high hemicellulose content in the babassu residue, as can be seen in Table 1 , increases the hygroscopicity of the composite and raises the penetration rate of the water molecules in the submicroscopic spaces between the micro-fibrils, which negatively influences adhesion between micro-fibrils (Melo, 2013) , providing a low compression ratio.
In the literature, similar results are found in particleboard produced with Pinus elliottii particles and babassu epicarp at the 30% incorporation level using urea-formaldehyde resin, with mean IE values at 2 and 24 h of 32.10 and 37.86% and abs in 2 and 24 h of 80.82 and 90.04%, respectively (Lima et al., 2006) , and in particleboard produced from peanut shell residues with urea-Formaldehyde, with IE values at 2 and 24 hours at 16 and 50% and Abs at 2 and 24 hours at 29% and 70% (Gatani et al., 2013) .
The particleboard manufactured with babassu residue showed lower modulus of rupture (MOR) and modulus of elasticity (MOE) in relation to panels composed of particles of Pinus sp. However, it is important to note that all panels are above the requirements for MOR by the European Technical Standards-EN (2003) , Brazilian-ABNT (2013) and American ANSI (2009) ( Table 5 ). The fibrous consistency of the babassu residue and its high tensile strength (Table 3 ) may be the main factors responsible for this performance. However, the high density of this raw material makes it difficult to obtain a satisfactory volume for pressing the panel during the manufacturing process, which conditions the product a greater porosity and substantially increases the swelling and water absorption values, and consequently mechanical performance due to low dimensional stability. Note. CV = Coefficient of variation. Means followed by the same letter in the column do not differ by Tukey test at 5% probability.
The results of the rupture modulus obtained are similar to those obtained by Lima et al. (2006) Regarding the modulus of elasticity, it is possible to verify that the results obtained in this study were superior to those presented by Trianoski et al. (2016) (Naumann et al., 2008) .
The obtained results are compatible with some residues and fibers indicated by researchers for use in particleboard, however, it is recommended for future formulations of scientific hypotheses: the need to circumvent the physical limitations of swelling in thickness and water absorption of panels to the base of babassu residue, to technically make feasible the use of babassu residue as the raw material for particleboard.
Conclusion
The babassu residue has technological characteristics that allow its use in particleboard, especially for its excellent mechanical performance, but there are particularities that can compromise its application, such as high silica content and high density. Particleboard made from babassu residue presented mechanical performance above that required by current normative documents. However, for the physical properties, especially for the porosity of the particleboard of babassu, the obtained values were lower than the required minimum
